This research was based on the quantum chemical calculations of a set of valid photoswitches of azobenzene compounds, with the aim of describing their thermal isomerization. The influences of familiar fluorine substitution and additional electron-donating groups (EDGs) and electron-withdrawing groups (EWGs) on the para-position were also systematically studied. The results show that the presence of fluorine in different ortho-positions has a distinct effect on the molecular orbital distribution of the E isomer, which realizes the purpose of splitting the n / p* transition between the E and Z isomers. On this basis, further para-substitution can allow tunability on the order of the energy level to the molecular orbitals through their influence on the conjugation pattern of the compound. It is the modification of the substituent on these positions that allows the photoisomerization to proceed under visible wavelength light surroundings. The thermal Z / E isomerization mechanism has also been analyzed, and a detailed comparison of these compounds has been made with respect to the thermal half-life s 1/2 , and the rate constants k Z-E . The results reveal that isomerization is thought to be a process of globally structural change, during which the effect of the substituents is determined by the extent of their influence on the conjugated system.
Introduction
Molecular photoswitches have aroused widespread interest in recent years. [1] [2] [3] [4] [5] Because of their unique photochromic characteristics, 6 they have been widely used in molecular data storage, [7] [8] [9] photopharmacology, 10 optochemical genetics, 11 materials science, 12 and biomolecules 13,14 among other areas. Over the past few decades, most research has been focused on azobenzenes, 15 spiropyrans, 16 diarylethenes, 17 and stilbenes 18 which are all characterized by photoisomerization. Among these molecules, azobenzene, which is based on the diatomic structure N]N, has unique structural characteristics and can be used for optical control under different conditions.
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Therefore, it is treated as a classical photochromic compound. The azobenzene molecule exists in trans-(E) and cis-(Z) congurations, where the approximately planar structure of the former makes it more stable than the latter. Knie and colleagues measured the absorption spectra of both isomers in acetonitrile (ACN) solution using an ultra-performance liquid chromatograph (UPLC). 22 The characteristic absorption spectra present in the trans-isomer of azobenzene are the p / p* absorption (l max ¼ 317 nm; 3 ¼ 20 000 M À1 cm À1 ) in the ultraviolet region and the n / p* absorption (l max ¼ 444 nm; 3 ¼ 400 M À1 cm À1 ) in the visible region. 23 The p-electron system of the azobenzene compound is easily modied by altering the substituent, which can change its absorption peaks. More importantly, its isomerization process is reversible. In many cases, the ease of the isomerization reaction of azobenzene is related to its cis-and trans-conformations. It is signicant to regulate the cis / trans isomerization process under certain conditions. In general, azobenzene-based photoswitches refer to isomerization under ultraviolet (UV) light irradiation. However, as UV light can cause damage to organisms, its application in biological systems is restricted. To break this restriction, a common strategy is to make the absorption spectra of isomers shi using the substituent effect on benzene. Siewertsen et al. reported a bridged azobenzene derivative with a large separation of the n / p* band in the cis-and trans-isomers, which exhibits improved performance in terms of photoisomerization compared with azobenzene. 24 Yang et al. reported the synthesis of a BF 2 -azo complex and the separation of the n / p* transition in cis-and trans-isomers, herewith achieving efficient conversion of the two isomers in the visible region. 25 Subsequently, the trans-cis isomerization of the BF 2 -azo compound in the near-infrared region (NIR) is achieved by introducing electron-donating groups into the para-position. 26 From the perspective of theoretical calculations, our group studied the thermal cis-to-trans isomerization of BF 2 -azo compounds with respect to para-substitution with electron-donating groups.
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Both theoretical and experimental results demonstrated that the larger the separation of the n / p* absorption bands between the cis-and trans-isomers, the better the conversion rate of both isomerizations. However, this conclusion only relates to para-substitution, leaving the question of the effect of other substitutions unanswered.
Recently, Bleger synthesized a series of ortho-uo-roazobenzenes and published a systematical analysis of their photophysical and photochemical performance. 28 According to the results, substitution on the ortho-position by uorine can also shi the absorption of azobenzene bathochromic, an effect which is more obvious with the increase of uorine. Moreover, because there is a distinct spectroscopic shi, photoisomerizations become possible under visible irradiation. Although similar to the BF 2 -azo compound mentioned above, the effect of ortho-uoro substitution is still unknown and worth in-depth study. Furthermore, it is intriguing to explore the effect of combining both ortho-and para-substitution in one azobenzene. According to this strategy, a series of ortho-uo-roazobenzenes 1-4 as shown in Fig. 1 were selected systematically in this work. Additionally, the effects of electron-donating groups (EDGs) and electron-withdrawing groups (EWGs) on para-positions are also considered, such as compounds 5, 6, 7, 8 and 9. We give an in-depth examination of the substituent effect on the isomerization of azobenzene in terms of geometry of the structures, molecular orbital information, absorption spectra, energy barrier for the isomerization pathway and thermal halflives of these compounds. Ultimately, this research is intended to promote the rational design of molecular photoswitches.
Computational details
In this paper, all quantum chemical calculations were carried out using the Gaussian 09 suite of programs (D.01). 29 The density-functional theory (DFT) 30, 31 method was used to calculate the ground state, and the time-dependent densityfunctional theory (TD-DFT) [32] [33] [34] method was utilized to investigate properties under the excited state. With respect to timeliness and accuracy, various functions including M06, M06L, M06-2X, PBE0 and B3LYP were evaluated. 35 Aer comparison, B3LYP was selected in geometry optimization of cis-and transcongurations. It was found that geometry optimization of the absorption spectra of the cis-and trans-congurations calculated using B3LYP functional were in good agreement with the experimental data (see Table S1 †) . In addition, we tested the different basis sets, among which the most suitable for our system was 6-311G* (see Table S2 †). On this basis, vibration frequency analysis was performed in order to ascertain the stability of the molecular structure. Taking into account solvent effects, this was performed using the self-consistent reaction eld theory with the polarizable continuum model (PCM) for the ACN solvent.
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Based on the conventional transition state theory (TST), 37, 38 exible scanning of the -N]N-C for the molecule was implemented in an attempt to obtain the transition state. Intrinsic reaction coordinates (IRCs) were operated to identify the accuracy of the transition state. The thermal reaction rates constants k Z-E at a temperature of 298.15 K and a pressure of 1 atm were calculated using KiSThelp program soware. 39 The effect of onedimensional (1D) Wigner tunneling (WT) on the reaction rate was also taken into consideration. 40 In order to gain more reliable results, we needed to consider the WT coefficient of the 1D Wigner tunneling to correct the reaction rate: 
where n s and n R represent the number of chiral isomers at the transition state and the reactant, and s s and s R are the rotational symmetry numbers. The thermal transition rate constants k are calculated using the standard Eyring's transition state theory model with the WT coefficient correct: 
Here, E a represents the reaction energy barrier, which is equal to the energy difference between the transition state and the reactant, k(T) is given by ref. 39 and 41:
Results and discussion
According to molecular orbital theory, the transition involved in the excitation of the S 1 state and S 2 state can be assigned to n / p* and p / p* for azobenzene, respectively. By applying different substituents, corresponding transition bands may also shi, which can be treated as an approach for regularity. In this study, the vertical absorption spectra of molecules were calculated. Detailed analysis of the nature of their Frontier molecular orbital and energy levels were also proposed. In addition, we explored the thermal cis-trans isomerization rate and the thermal stability of the Z isomers to give guidance on a new azobenzene molecular photoswitch design.
Absorption properties
The absorption spectrum properties are shown in Fig. 2 , Tables 1  and S3 . † The spatial distribution and energy levels of relevant molecular orbitals in the E isomers are shown in Fig. 3 and 4 and Table S4 . † The results are consistent with the experimental data.
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For azobenzene, the contribution to the lowest unoccupied molecular orbital (LUMO) and highest occupied molecular orbital (HOMO) is derived from the p* orbital and the p orbital, while the energy level of the n orbital is lower than that of the p orbital and becomes HOMO-1. The absorption spectra results show that the n / p* transition absorption band of the E isomer is dipole-forbidden. However, this is permitted in the Z isomer and the oscillation strength is relatively larger. This phenomenon is similar to 2e. For 1-4 with ortho-uorines, their absorption spectra and the order of n and p orbital are regularly changed, which is relevant to the position of uorine (a and b positions are indicated in Fig. 1 ). The results of the absorption spectra show that the p / p* transition bands in both isomers are mainly localized in the ultraviolet region and the intensity of each E isomer is much greater than that of the Z isomer.
Compared with azobenzene, for all ortho-uoroazobenzenes, the n / p* absorption wavelengths of Z isomers show a hypochromatic shi, compared with a bathochromic shi in E isomers. Moreover, the difference value Dl E-Z increases along with the amount of uorine, resulting in the n / p* splitting between the E and Z isomers. According to the comparison among 2a, 2c, and 3a, it seems that the substitution on the aposition will lead to an n orbital rise and p orbital decrease, while the p* orbital remains almost unaffected. This means that the energy gap between n and p* decreases and the absorption bathocromic shied. A similar phenomenon can also be found between 1b and 2b, or 3b and 4. On the other hand, compared 1b with 2a (2c with 3b), one may infer that substitution on the b-position will decrease all three orbitals, especially the p* orbital. Therefore, the energy gap between n and p* decreases correspondingly. One more noteworthy feature is that the n / p* transition becomes permitted in the E isomer and the oscillation strength increases from 1 to 4. This is attributed to the change of distribution to HOMO. Despite 2d, the HOMOs in the other compounds are all assigned as n orbitals which exhibit a heterogeneous phase distribution on the N and adjacent a-F atoms. This heterogeneity induces the intermolecular steric effect and increases the dihedral angle between the two benzenes. With the increase of uorine, the structural distortion becomes more evident and a direct change in HOMO can be detected, which is that the distribution on benzene increases and could be assigned as n orbital mixed with p orbital. It is this mixture that allows the n / p* transition. The results above demonstrate that the position and amount of uorine substitution can bring an obvious inuence on not only the arrangement of orbital energy levels, which may even involve a change in order, but also the distribution of the n orbital. It is this inuence that makes the absorption band of the n / p* transition bathochromic-shied to ensure the photochromic isomerization occurs under visible wavelengths.
However, there are different results when two uorine atoms are added to the benzene para-position. In 2e, the p and p* orbitals rise and the n orbital decreases, and the energy gap between n and p* increases. Therefore, this will lead to n-p* transition bands of the trans-isomer hypochromatic. Nevertheless, the np* transitions have almost no shi in the cis-isomer.
On the basis of 4, the effect of para-substitution has been also tested. When uorine is connected to the para-position of benzene in 5, the level of the n orbital reduces while that of the p orbital rises and the p* orbital still remains invariant. In addition, both EDGs (-OH, -OCH 3 ) and EWGs (-COOH, -NO 2 ) are also considered. In 6 and 7, three orbitals n, p, p* all rise to some extent. HOMO switches to the p orbital, which leads to a decrease in the dihedral angle between the two benzenes. However, the band for the n / p* transition shows a hypochromatic shi. In 8 and 9, a contrary phenomenon in that the three orbitals are decreased is detected, together with further bathochromic shi on the n / p* transition band and structural distortion, which is similar to the b-F substitution. As a whole, the amplitude of uctuation in the n orbital is relatively small, whereas it is much more obvious in the p and p* orbitals whose distributions are related to the conjugation pattern of the compounds. In other word, regardless of the difference in electron-donating or -withdrawing ability, the substituents mentioned above mainly affect the conjugated system of the E isomer. Accordingly, one may infer that this can be applied to give tunability to the uctuation of molecular orbitals to achieve the goal of shiing bands.
Thermal stability of the Z isomers
In order to better understand the inuence of substituents on the thermal stability of the Z isomers, we calculated the half-live of cis-azobenzene derivatives at room temperature in ACN (see Table 2 and Fig. 5 ). It has previously been experimentally demonstrated that the polarity of the solvent promotes the stability of the cis-isomers of the azobenzene molecules, 22 and there are similarities with our work. In order to maintain consistency with the experiments, we have chosen ACN with good polarity as the solvent in this work.
At this temperature, the thermal half-life of Z-azobenzene is 4.7 h, and the thermal stability of the Z isomer of 1a is slightly better than that of Z-azobenzene, with a thermal half-life of s 1/2 ¼ 8.3 h. 1b is more stable, and the half-life is 30.8 h at room temperature. Thermal stability is similar in the 2a, 2b and 2c of the Z isomer compounds, for which the half-lives are 36.9, 30.3 and 32.3 h, respectively. The thermal half-life of 2d is 98.8 h and thermal stability was better than 3a. The thermal half-life of 2e is s 1/2 ¼ 13.7 h, which is less than the thermal stability of compound 1b. Three uorine atoms are added to the azobenzene ortho-position, and their Z isomers have excellent thermal stability. The thermal half-life of 3a is s 1/2 ¼ 56.6 h and 3b is s 1/2 ¼ 829.3 h. Among the Z isomers of a number of orthouoroazobenzene derivatives, 4 exhibits a high thermal stability with a half-life of s 1/2 ¼ 2187.6 h. It is obvious that the selectron-withdrawing group uorine is attached to the orthoposition to heighten the thermal stability of the Z isomer. Table 2 Activation process parameters, cis-trans isomerization reaction rates (k Z-E ) and thermal half-lives (s 1/2 ) of the Z isomers at room temperature The effect described above is attributed to the change in the dipole moment of the Z isomer (m(Z)) and the transition state (ms) (see Table 3 ). In the polar solvent ACN solution, the thermal stability of the Z isomer increases when the dipole moment value of the Z isomer (m(Z)) is greater than that of the transition state (ms). This applies not only to ortho-substituted azobenzene derivatives, but also to para-substituted azobenzene compounds.
In addition, different substituents are added to the paraposition of compound 4, and the thermal stability of the cisisomer also changes. In fact, when the para-substituents of 4 are -OCH 3 and -OH, the thermal stability of the Z isomer of the compound increased signicantly. For instance, the half-lives of the Z isomers of 6 and 7 are 3348.2, 4794.9 h, respectively. Conversely, linking -COOH or -NO 2 to the para-position of compound 4 can greatly reduce the thermal stability of the cisisomer. Obviously, the half-lives of the Z isomers of compounds
thermal stability is less than that of azobenzene. It is noteworthy that the thermal stability of compound 5 is higher than that of 4. To explain this phenomenon, we list the bond lengths of the cis and transition states of compounds 5-9. The chemical bond label is shown in Fig. 6 . During the transition from the cis conguration to the transition state, the bond lengths of compounds 5-9 varied regularly (see Table 4 ). Compounds 5, 6 and 7 undergo minor changes in each of the corresponding chemical bonds during the transition of the cis-to-transitionstate. However, the corresponding bond lengths of compounds 8 and 9 vary greatly. In other words, compared with 5, 6 and 7, compounds 8 and 9 have a greater inuence on the conjugation system. Therefore, the transition from the cis-to-transition-state becomes signicantly easier. As a result, the thermal stability of the cis-isomer decreases and the rate of reaction increases.
In addition, the inuence of the substituent on the dipole moment of the compound cannot be ignored. For compounds 1-4, the number of ortho-uorine atoms increases, resulting in an increase in the dipole moment of the cis-isomer and a small change in the dipole moment in the transition state.
Therefore, the transition of the cis-isomer to the transition state becomes difficult, the energy barrier of the reaction increases, and the thermal stability of the cis-isomer increases. During the transition of the cis-isomer to the transition state, although the dipole moment direction has also changed within 45 , the general values are almost the same (see Fig. S1 and Table S5 †) . Peculiarly, in compounds 2e, 8 and 9, the value of the dipole moment of the cis-isomer to the transition state was signicantly increased from 1-3 to 6-8 Debye, and the dipole moment direction was obviously changed. The polar solvent is propitious to promote the stability of the transition state more than for the cis-isomers in this time; consequently, the cisisomers have relatively low thermal stability when the paraposition is substituted to reduce the whole dipole moment of ) of Z isomers and in their transition state (s) relative to E isomers (E E ¼ 0) for azobenzene and derivatives, the reaction barriers DE ¼ E(s) À E(Z), and the values of the dipole moment (in debye) are also shown the azobenzene molecules. Compared with 4, the dipole moment of the cis-isomer and transition state of compound 5 decreases. The energy barrier of the reaction is also high, resulting in an increase in the stability of the cis-isomer. For compounds 6 and 7, the transition state dipole moment decreases with increase of the cis-isomer dipole moment. The energy barrier of the cis-to-transition-state transition increases, and the cis-isomer stability increases. In contrast to 6 and 7, the dipole moment of the cis-isomers of compounds 8 and 9 decreases and the dipole moment of the transition states increases. The reduction of the energy barrier leads to an increase in the reaction rate, which leads to a lower thermal stability of the cis-isomer. Among the cis-isomers of these molecules, compounds 7 and 9 have the highest and the lowest thermal stability, respectively.
In short, the thermal stability of the Z isomer of ortho-uo-roazobenzenes increases as the number of uorine atoms increases. In the para-substituted azobenzene compounds, the thermal stability of the Z isomers varies with different substituents. We can verify this nding by measuring the rate k Z-E of the Z / E isomerization. The thermal transition rate is given as eqn (3.1) in the Eyring theory, and the thermal half-life from Eyring is given by eqn (3.2).
In the ortho-substituted azobenzene compounds, the energy of the transition state decreases, and the energy of the cisisomer of the molecule is also reduced. Further, the latter decreases more signicantly, resulting in an increase in the reaction energy barrier and a decrease in the reaction rate. For the para-substituted azobenzene derivatives, the parasubstituted substituent of 6/7 is -OCH 3 /-OH, the thermal stability of the cis-isomer increases, and the rate of the reaction Fig. 7 The thermal cis / trans isomerization reaction rates k Z-E of the azobenzene derivative compounds, the inset is a plot of the reaction rate for compounds 4-7 at more precise coordinate.
slows down. In 2e, the thermal stability of the cis-isomers is poor. Moreover, the energy barrier for its transition from the cisisomer to the transition state is small. Its cis-trans isomerization rate is accordingly very fast. However, when para-substituents are -COOH and -NO 2 , the thermal stability of the cisisomer of compounds 8 and 9 decreases and the rate of the reaction increases (see Fig. 7 ). The reaction rate is not related to whether the para-substituent is EDG or EWG. Overall, it can be seen that the stronger the bonding ability between the parasubstituent and the conjugated system, the faster the isomerization reaction.
In this work, we mainly studied the properties of ortho-u-oroazobenzene compounds, including the photochemical properties of the E isomer and the thermal stability of the Z isomer. In fact, the thermal stability of the Z isomer is a precondition for the photochemistry reaction. It is easy to conclude that the longer the half-life of the Z isomer, the better the thermal stability. Therefore, the trans-cis light conversion rate is advanced, and improvements in photoswitch performance are observed.
Concluding remarks
The introduction of uoro substituents at the ortho-position of azobenzene provides a simple approach to optimize the properties of photoswitches. Due to the effective segregation of the n / p* bands of the E and Z isomers and extended half-life of the Z isomer at room temperature, it is possible to avoid the use of ultraviolet light to achieve high light conversion. The thermal stability of the cis-isomer depends on the inuence of the substituent on the conjugated system. With increases in the bonding degree between the substituent and the conjugated system, the impact of the substituent increases, the thermal stability of the cis-isomer is reduced, and the rate of cis-to-trans isomerization accelerates. In addition, the substituents also affect the conjugate system of the E isomer. Substituents affect the resonance conjugation mode by affecting the p and p* orbitals of the compounds. Thus, molecular orbital uctuations can be adjusted so that the n / p* band of the compound can be shied to separate n / p* transition bands of the cis-trans isomers. This allows cis-trans isomerization of azobenzene compounds in the visible region, which has a very important signicance in terms of practical applications.
Compared with azobenzene, compound 9 has the largest np* band separation in the cis and trans isomers and also shows the faster cis-trans isomerization rate at room temperature. The cis-isomer of compound 7 shows the best thermal stability, with a half-life of up to 4795 h at room temperature.
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